A first law thermodynamic model has been developed and used to characterize the performance of an automotive engine charge-air intake conditioner system. This system employs a compressor, intercooler, and expander to provide increased charge density with the possibility of reducing, the charge-air temperature below the sink temperature. The model was validated against experimental measurements. The variation of system effectiveness with compressor, intercooler, and expander efficiency was quantified and system operating limits were identified. While the expander was found to have a greater effect than the compressor, the performance of the system was shown to be most dependent upon intercooler effectiveness.
INTRODUCTION
(gauge) requires a compression ratio of around 8.0 : 1 [1] compared with a value of around 10 : 1 for a typical naturally aspirated engine. This reduction 1.1 Fuel economy, downsizing, and pressure in compression ratio leads to a loss of engine charging thermodynamic efficiency throughout the speed and Environmental and economic concerns associated load range, with a consequent increase in fuel with the dependence of the global economy upon consumption. petroleum fuels have raised the importance of fuel One method of recovering engine thermodynamic economy both as a legislated driver and market efficiency is to increase the compression ratio under driver of engine technology. The combination of suitable operating conditions. The SAAB SVC engine engine downsizing and intake pressure charging is [2] , for example, operates at compression ratios as particularly applicable to throttled spark ignition (SI) low as 8 : 1 at full load and as high as 14 : 1 at part engines. It results in the engine running at a higher load. The quoted improvements in b.s.f.c. and fuel brake mean effective pressure (b.m.e.p.) for a given economy are as much as 25 per cent. The mechanism road-load, with corresponding reductions in pumpto change compression ratio is, however, complex and ing losses and improvements in brake specific fuel presents significant challenges in terms of reliability, consumption (b.s.f.c.).
weight, and cost. The full fuel economy benefits of this approach An alternative approach involves finding a way are, however, rarely realized since the full load of achieving knock-free full-load combustion while requirement for knock-free combustion (with pressmaintaining a high (fixed) compression ratio. The ure charging) demands that the engine compression propensity for knock to occur is a function of, ratio be reduced. Typically, a boost pressure of 100 kPa among other factors, cylinder end-gas temperature and pressure [3] , which are, in turn, functions of compression temperature is intercooling. However, the performance of the intercooler, and thus the extent of the charge-air temperature reduction, is limited by the temperature of the sink to which the heat is rejected and the effectiveness of the intercooler itself. With such a system it is not possible to reduce charge-air temperature below the sink temperature.
In this paper, an alternative approach to achieving engine downsizing together with good fuel economy, using an engine charge-air intake conditioner system, is considered.
Charge-air intake conditioner system
A charge-air intake conditioner system has been pro- conditioner system and the possibility of reducing the charge-air temperature below the sink temperature. This system, shown in schematic form in Fig. 1 , differs from a con-1. Charge-air temperature reduction is no longer ventional system by expanding the intake air after limited by the performance of the intercooler and the intercooler to achieve a further reduction in temmay be cooled below the sink temperature. perature and pressure, along with a corresponding 2. Careful control of the system allows constant recovery of work.
charge-air density to be maintained across a range The principle of operation is illustrated on the of temperatures and pressures (high temperature, temperature-entropy (T-s) diagram in Fig. 2 . Points high pressure or low temperature, low pressure). 1 to 4∞ represent the ideal process. Air is compressed isentropically from points 1 to 2∞ . (The charge-air
The compressor requires work input and the pressure at point 2∞ is necessarily higher than the expander generates a work output; the system as a engine inlet pressure at point 4∞ .) Heat is rejected whole requires a net work input. For an automotive at constant pressure to point 3∞ , from where it is application, this net work requirement of the system expanded isentropically to the desired engine inlet must be met by the engine itself. Work may be conditions at point 4∞ . In reality, both compression delivered to the compressor from the crankshaft by and expansion will be accompanied by an increase means of direct drives, including the shaft, belt, or in entropy and the heat rejection process will incur gear. Another possible form of drive is an exhaust a flow-related pressure loss. The real process is repregas driven turbine. Alternatively, an indirect drive sented by points 1 to 4. This process, upon which method such as an electric motor may be used. the present system is based, clearly has a number of The expander work output may contribute to the attractive features that include:
compressor work requirement by a direct coupling. Alternatively, the expander work may be delivered back to the crankshaft by means of a direct coupling or indirectly through an electrical generator. Figure 3 shows the system proposed by Turner et al. [4] , which uses an exhaust gas driven turbine to drive the compressor and a positive displacement screw expander with a direct drive to the crankshaft.
ANALYSIS OBJECTIVES
Recent work [4] has identified the potential benefits of a charge-air intake conditioner system. While the feasibility of such a system has been demonstrated Fig. 1 Schematic of the charge-air intake conditioner system on a rig, a full analysis has yet to be conducted.
the performance of the system as a whole. It therefore follows that there are necessarily critical limits beyond which the system may require an unacceptable work input or indeed may, under some circumstances, be incapable of providing any temperature reduction at all. In such cases there is clearly no need or value to go on to the subsequent stages in the full analysis and hence time and effort can be saved.
It is particularly appropriate to use a first law thermodynamic approach. It derives speed from its computerized simplicity, versatility from the generic nature of its input, and immediate relevance by virtue of its numerical output: specifically, the charge-air temperature and work input requirement.
The following sections of this paper detail the theoretical basis and validation of the model and the analytical approach, results, and conclusions from The new work in this paper therefore addresses 3 CHARGE-AIR CONDITIONER SYSTEM MODEL stage 1 of a full system analysis, which comprises:
3.1 Control volumes Stage 1. Charge-air intake conditioner system modelling to determine charge-air temperature and work The system was modelled as shown in Fig. 4 . The first law thermodynamic model developed here cominput requirement as a function of system performance parameters, at constant charge-air density prised three control volumes: compressor, intercooler, and expander. These components were specified by and mass flowrate. Stage 2. Engine cycle simulation to determine chargecompressor isentropic efficiency, intercooler effectiveness, and expander isentropic efficiency respectively. air temperature and charge-air conditioner work input requirement at constant full-load b.m.e.p.
The model does not require assumptions about the type of device used (e.g. centrifugal or positive disStage 3. Combustion modelling to determine the knock-limited compression ratio as a function of placement) and is therefore generic. The components were connected by pipes of defined, common crosscharge-air temperature. Stage 4. Engine cycle simulation to determine the sectional area, to allow the determination of mean flow velocities. b.s.f.c. map as a function of the knock-limited compression ratio. Vehicle performance simulation to determine the corresponding in-vehicle fuel economy.
Steady flow energy equation
The model used the steady flow energy equation The objective of this paper is to document the analysis to characterize the performance of the (SFEE) charge-air intake conditioner system alone by means of a first law thermodynamic analysis. This is the first Ė in −Ė out =DĖ sys =0 (1) in a series of analyses that will ultimately characterize fuel economy as a function of system performIt should be noted that throughout this paper the subscripts 'in' and 'out' are used to indicate the ance parameters (i.e. compressor, intercooler, and expander efficiencies).
direction of flow and thus a formal sign convention is not required. The value of performing this stand-alone analysis is that it provides an early assessment of the feasiEnthalpy and kinetic energy terms were included in the analysis but potential energy terms were negbility of a particular system specification. The T-s diagram in Fig. 2 shows that the individual comlected since their differences were small. Both compressor and expander were modelled as adiabatic ponent efficiencies can have a significant effect on
Fig. 4
Simplified charge-air intake conditioner system as modelled thermodynamically devices; with no intentional cooling, heat transfer specific work input would be small relative to the shaft work [5] . 
(9) and using mass conservation for a single inlet and Rearranging equation (9) gives
Integration of equation (7) and substitution in equation (11) results in an expression for the interwhere cooler specific heat rejection
For an ideal gas with variable specific heats
Expander
The SFEE [equation (1)] is applied to the expander Integrating equation (7) and substituting into ṁ in (5) gives an expression for the compressor Rearranging equation (14) and substituting into Integrating the polynomial expression for c p gives equation (6) gives
Substituting the integral form of equation (7) gives an expression for the expander specific work output (21)
The integral value of c between any two tempera-
and is defined as The working fluid (air) was treated as a semi-
(25) perfect gas since its operating temperature range of 240-440 K was well above the critical temperature
The compressor inlet velocity was calculated using of 132.5 K and its operating pressure range of 96 to the continuity equation 1.146×106 Pa was well below the critical pressure of 3.77×106 Pa [5] .
Specific heat capacity
and compressor inlet density was derived from the The variation of specific heat capacity c p with temideal gas equation of state perature T was accommodated in the form of a third-order polynomial function [5] r
Compressor inlet static pressure was calculated from equation (17) This function is valid in the temperature range 273-1800 K with a maximum error of 1.01 per cent p 1
and an average error of 0.26 per cent.
For improved accuracy, the analysis used integral, and equation (22) was used to derive the ratio of rather than average, values across temperature differspecific heats ences. Generally, the integral value of c p between any two temperatures, T in and T out , is denoted c p in-out and
The solution of these equations involved iteration around T 1 and integration of the third-order poly-
and T 1 .
Compressor outlet properties
T sink was taken to be the ambient atmospheric temperature, T atm , and hence The compressor pressure ratio (static to static) r comp is defined as
The static pressure drop across the intercooler Dp IC r comp = p 2 p 1 (30) was modelled as being proportional to the intercooler inlet density and the square of the intercooler and was used to determine the ideal compressor inlet velocity. Thus outlet temperature T 2i for an isentropic compression process using an integral value of c between T 1 and
where k is an empirical intercooler pressure drop con- 
The intercooler outlet pressure was determined from where
3.3.6 Expander outlet properties Application of the SFEE in the form of equation (8) The expander pressure ratio (static to static) is gives defined as
and the ideal expander outlet temperature was then calculated for an isentropic expansion process using Substituting equation (20) in both the numerator and an integral value of c between T 3 and T 4i denominator of equation (34) gives
The actual expander outlet temperature T 4 was calculated using the expander isentropic efficiency which was rearranged to give an expression for g ex , which is defined as the actual charge-air temperature at the compressor outlet
Application of the SFEE in the form of equation (16) gives
Intercooler outlet properties
A generic intercooler was modelled with a sink temperature, T sink . The intercooler outlet temperature T 3 Substituting equation (20) in both the numerator and was calculated using intercooler effectiveness E IC , denominator of equation (44) gives which is defined as 
the expander. An idling tensioner was used to control Since the expander analysis required constant outprimary belt tension. A torque meter and speed let density r 4
, the expander outlet pressure p 4 was sensor were installed between the motor and the calculated from the expander outlet density and temprimary belt drive to measure the net work input rate perature using the following expression of the ideal to the system. gas equation of state Charge-air properties in the model were matched to those recorded from the rig and the calculated net (47) work requirement was compared with the measured value. Figure 6 shows the correlation of calculated results with measured results across a range of work 4 MODEL VALIDATION requirements. The model consistently and linearly underpredicts the net work requirement by approxiThe model was correlated against measured results mately 7 per cent. A reasonable explanation for this from the work of Turner et al. [4] . A schematic discrepancy is that the rig measurements include diagram of the rig is shown in Fig. 5 . The main friction work in the compressor, the expander, and components of the rig comprised a compressor, the drive mechanism, which comprises two belts and intercooler, and expander. Both compressor and an idling tensioner. Although the magnitudes of the expander were twin-screw positive displacement associated friction losses were not available from devices with internal compression and expansion the experimental work, it is reasonable to assume respectively. The specifications of these devices are that they would account for a significant part, if not detailed in Table 1 . The model used a generic interall, of the correlation discrepancy. cooler with the cooling medium defined only by the sink temperature. Accordingly, the experimental intercooler was water-cooled, with modulation of the 5 ANALYTICAL APPROACH water flowrate to control intercooler performance. The rig was driven by a variable-speed electric motor 5.1 Constants with a primary belt drive to the compressor and a Ideally, the performance characteristics of the engine secondary belt drive between the compressor and charge-air conditioner system would be evaluated at In the case of refrigeration, irreversible effective system would be that which achieved the required brake power output at the lowest chargeheat transfer alone reduces the temperature of the cooled fluid. For the charge-air conditioner there air temperature. This would require experimental work on a running engine or analysis using a cycle are two processes: irreversible heat transfer and adiabatic expansion. It is usual to express first law simulation code with a knock model. This full analysis will be the subject of future research. Here thermodynamic efficiency (or COP in the case of refrigeration) in terms of desired output and required it is appropriate first to determine the performance characteristics of the charge-air conditioner system input. For both systems the required input is work and the desired output from refrigeration is heat itself.
In this case, the performance of the charge-air contransfer from the system, allowing a COP to be determined in a straightforward manner. The desired ditioning system was analysed under conditions of constant charge-air density and constant charge-air output from the charge-air conditioner system is a low charge-air temperature; sharing neither the units mass flowrate (approximating to constant indicated engine power output). Atmospheric temperature and nor the dimensions of work, this parameter cannot therefore be used to determine a non-dimensional pressure were also held constant for the analysis, which modelled dry air. The values given in Table 2 COP. It is not appropriate to use heat transfer from the system as a measure of desired output since were chosen to allow correlation with measured results.
charge-air temperature reduction is also a function of adiabatic expansion and does not necessarily vary with heat transfer.
Performance criteria
For these reasons, a particular function has not For the constant charge-air density and mass flowbeen chosen to quantify the efficiency or the COP rate analysis it was necessary to choose some key of the charge-air conditioner system in a single parameters to define system performance.
value. Rather, a relative measure of efficiency was observed from the work input/charge-air temperature 5.2.1 System effectiveness characteristic. The objective of the charge-air conditioner system is to cool the engine intake air while maintaining 5.3 Study variables charge density. The effectiveness of the system is The objective of the study was to characterize the therefore a function of the charge-air temperature, performance of the charge-air conditioner system lower being better.
in terms of its sensitivity to the performance of its constituent parts. Table 3 identifies the system com-
Definition of efficiency and coefficient of
ponents with their respective performance parameters performance (COP) and the range of parameters studied in the analysis. The charge-air conditioner system has similarities with refrigeration systems in that both systems reduce 5.4 Control variables temperature, but there are also important differences These variables were used to set the level at which that preclude the determination of a corresponding the charge-air conditioner system operated. Table 4 coefficient of performance (COP) for the charge-air shows the control variables and the range of values conditioner system. Both systems involve the compression and expansion of a fluid with heat transfer, used in the analysis. Having defined the specification E IC and expander isentropic efficiency g ex were held constant at 0.6. The general characteristic is one of the system by the study variables, the compressor pressure ratio r comp was set to give a corresponding of reducing the net system work input rate and charge-air temperature with increasing compressor expander pressure ratio r ex of 1.0 at the required (constant) value of charge-air density at the expander isentropic efficiency. The shape and gradient of the curves are of particular interest. Curves that rise to outlet. This defined the starting point of the analysis, representing a conventional pressure-charged system the left, from their start point, demonstrate a system's potential for charge-air temperature reduction with intercooling and no expander, and accounts for the non-integer value of r comp (=2.32) at the lower while those that rise to the right demonstrate a system's inability to reduce the charge-air temperature. limit of its range in Table 4 . After this point the compressor pressure ratio was increased from 3.0 to 12.0 Typically, a curve that rises to the left may, at some point, exhibit a minimum limit beyond which the and the expansion ratio was increased accordingly to maintain constant charge-air density. The noncharge-air temperature starts to rise again with increasing compressor pressure ratios. integer value of r ex (=11.17) at the upper limit of its range in Table 4 corresponds to r comp =12. It was When considering the effectiveness of the system, it is important to differentiate between the chargenecessary to establish the zero expansion point since this was used as the reference point from which air temperature as an absolute value and charge-air temperature reduction as a function of the performthe effectiveness of the system was determined as a function of the charge-air temperature drop. A ance of the charge-air intake conditioner system performance. A higher g comp clearly gives a lower maximum compressor pressure ratio of 12.0 was chosen solely for the purpose of displaying clearly the charge-air temperature but does not necessarily indicate the relative performance of the charge-air turning point and asymptotic performance characteristic effects. In order to maintain constant chargeconditioning system. Accordingly, a system performance parameter T rel is defined as the charge-air temair density it was necessary to adjust the expander pressure ratio with the compressor pressure ratio perature relative to that at r ex =1.0. Thus T rel is given by throughout the analysis.
and is used to quantify the sensitivity of the overall 6 SYSTEM PERFORMANCE SENSITIVITY system effectiveness to g comp (with E IC and g ex held constant at 0.6). Figure 8 shows the relationship between the system effectiveness parameter T rel and compressor isen- Figure 7 shows the variation of net system work input rate with the charge-air temperature as a function of tropic efficiency g comp for the compressor pressure ratio r comp =4.0, 8.0, and 12.0. Generally, system the compressor and expander pressure ratio for a range of compressor isentropic efficiencies between effectiveness improves with g comp . The rate of improvement increases with higher values of r comp , but this 0.5 and 1.0. In this case both intercooler effectiveness is of little practical use below g comp =0.9 since T rel is were held constant at 0.6. While it is apparent from Figs 7 and 8 that a compressor with such a low iseneither positive or no better than that at r comp =4.0. tropic efficiency will not necessarily be capable of For example, at g comp ∏0.8 the system effectiveness delivering a charge-air temperature reduction, the improves with reducing r comp . There is, however, no constant efficiency values were chosen carefully in benefit in reducing r comp below 4.0 as the limiting order to allow a valid comparison of the relative case of r ex =1.0 will give a horizontal line at T rel =0. effects of the individual system components in secThis necessarily follows from the definition of T rel . tion 6.4. While there is a general trend of reducing Although a quantitative measure of system efficithe charge-air temperature with increasing E IC , the ency has not been defined, it can be seen from Fig. 7 effect on the net system work input rate depends that as g comp increases, a lower net system work upon r comp , showing a work rate reduction of 19 per input rate is required for a given reduction in chargecent at r ex =1.0 and a work rate increase of 5 per cent air inlet temperature. From this observation, it can at r comp =12.0. be deduced qualitatively that the efficiency of the As with the analysis of compressor effects, it is system increases with g comp . necessary to use the performance parameter T rel to quantify the relationship between system effective-6.2 Intercooler effects ness and intercooler effectiveness (see Fig. 10 ). Over- Figure 9 shows the variation of system performance all system effectiveness shows a high dependence with intercooler effectiveness E IC in the range 0.6-1.0. upon intercooler effectiveness and the dependence rate increases with r comp . At intercooler effectiveness Compressor and expander isentropic efficiencies values greater than 0.7 there is significant potential The curves all share the same origin, since g ex has no effect at r ex =1.0, and in this case system to improve system effectiveness by maximizing r comp . As with the compressor analysis, it is clear from effectiveness could be determined directly from the charge-air temperature. However, the system perthe curve shapes in Fig. 9 that as E IC increases, a lower net system work input rate is required to formance parameter T rel is retained for this analysis to allow a quantitative comparison between comachieve a given reduction in the charge-air inlet temperature. It follows therefore that system efficiency pressor, intercooler, and expander effects discussed later in section 6.4. The effectiveness of the system increases with E IC . shows a strong dependence upon expander isentropic efficiency (see Fig. 12 ) and increasing depen-6.3 Expander effects dence with an increasing compressor pressure ratio. Figure 11 shows how the Ẇ -T curve varies with At g ex Á0.8, there is potential for significant improveexpander isentropic efficiency g ex at constant comments in system effectiveness by maximizing r comp . pressor isentropic efficiency g comp =0.6 and constant Figure 13 shows the combined effects of compressor intercooler effectiveness E IC =0.6. (The explanation and expander isentropic efficiency on system perfor the choice of these constant values is as detailed formance. As in the cases of both compressor and in section 6.2.) As g ex is increased from 0.5 to 1.0 the intercooler analyses, a qualitative examination of the Ẇ -T curve pivots around its start point at r ex =1.0 and curve shapes in Fig. 11 yields the result of system efficiency increasing with g ex . the effectiveness of the system is clearly improved. 6.4 Comparison of compressor, intercooler, and sensitivity of system effectiveness to g ex increases. Figure 17 shows the system operating limit (at expander effects r comp =4.0 and E IC =0.6) as a function of compressor Figure 14 shows the relative sensitivity of the system and expander isentropic efficiencies. At values of low effectiveness to the efficiency of each of the comg comp and g ex the system cannot deliver a reduction ponents at r comp =4.0. In each case, as the efficiency in charge-air temperature. This is shown as the area of the particular component was varied, the efficiof impractical operation. At higher compressor and encies of the other two components were held conexpander efficiencies the system offers the potential stant at 0.6. It is clear that system effectiveness is for charge-air temperature reduction in the area of least sensitive to compressor isentropic efficiency. Its practical operation. sensitivity to expander isentropic efficiency is greater While it is possible, in some instances, to improve by a factor of about 2 and its sensitivity to intercooler the effectiveness of the system by increasing r comp , effectiveness is greater still, by a factor of about 3.
Compressor effects
this does have the effect of adversely shifting the This result is particularly important since it indioperating limit as the area of impractical operation cates where time, effort, and money can be most increases. Figures 18 and 19 , for example, show how effectively expended in the design and realization of the system reaches operating limits at r comp =8.0 and a charge-air intake conditioner system. 12.0 respectively. The shape of the limit line also From Figs 15 and 16 it can be seen that as changes, showing increased sensitivity to expander isentropic efficiency at higher pressure ratios. r comp increases to 8.0 and then to 12.0, the relative Intercooler effectiveness E IC also has an effect on the system operating limit and effectiveness sensitivity. Figures 20 and 21 show the operating maps for E IC =0.6 and 0.8 respectively. It can be seen that increasing the intercooler effectiveness significantly improves both the system operating limit and system effectiveness. It also has the effect of increasing the system's relative sensitivity to expander isentropic efficiency.
The system operating limit and sensitivity maps shown in Figs 17 to 21 are particularly relevant to the process of designing and engineering a chargeair intake conditioner system since they provide an immediate indication of the viability of a proposed specification. For example, Fig. 20 shows that for 
